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In collaboration with Jogesh Pati, Abdus Salam challenged the chiral gauge nature of the Standard
Model by paving the road towards the Left-Right symmetric electro-weak theory. I describe here
the logical and historical construction of this theory, by emphasising the pioneering and key role it
played for neutrino mass. I show that it is a self-contained and predictive model with the Higgs
origin of Majorana neutrino mass, in complete analogy with the SM situation regarding charged
fermions.
I. PROLOGUE
It was during my undergraduate days in Beograd, in
the early seventies, that I first heard of Abdus Salam
as the founder and director of the International Centre
for Theoretical Physics in Trieste. For most Yugoslavs
Trieste at that time was mainly a shopping mecca of the
West - but for a few of us it was becoming a mecca of
physics. I found it moving that in a small town at the
border with the Balkans Salam would build a place that
was supposed to bridge science and scientists from all
worlds, especially developing ones. ICTP had no PhD
program though and so, following the footsteps of my
older brother, I went to do my PhD at the City College
of New York.
CCNY was an exciting place in the seventies. Bob
Marshak, one of the fathers of the V-A theory, had be-
come president and started to build strong physics re-
search program from scratch. And those times in par-
ticle physics were great. A whole world of light and ex-
citement opened through the advancement of asymptotic
freedom and renormalisability of the spontaneously bro-
ken gauge theories. There were fundamental theories and
new techniques to learn and one could be a part of history
in making.
I fell in love with the Standard electro-weak model but
hated its left-right asymmetry which was supposed to
remain for all seasons. It all made sense when Salam,
in collaboration with Jogesh Pati, suggested that the
world ought to be left-right symmetric in the context of
their quark-lepton unification. Pati and Rabi Mohapatra
worked out then the minimal Left-Right model, however
with Left-Right symmetry broken explicitly, albeit softly.
This was troublesome and needed a cure in order that the
theory be widely accepted. And so soon after, Mohapa-
tra and I managed to show that parity could be broken
spontaneously, thus completing the theory that remains
to this day a serious candidate for the physics beyond the
Standard Model.
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There was a dark cloud on the horizon though: the
theory was predicting massive neutrino against the com-
mon wisdom of the day. The trouble was the smallness
of neutrino mass, which was hard to understand given
that neutrino was predicted to be a Dirac particle, just
like the electron. It took some time, but with the ad-
vent of the seesaw mechanism and the emergence of the
solar neutrino puzzle, neutrino mass became a blessing.
The essential point was the necessary existence of the
right-handed neutrino which in the seesaw picture be-
comes a heavy neutral Majorana lepton leading to a light
Majorana neutrino. The smoking gun signature is lep-
ton number violation, manifested through neutrinoless
double beta decay at low energies, and the production
of same sign charged di-leptons at hadronic colliders, as
Wai-Yee Keung and I showed in the early eighties.
Disclaimer. This short review emphasises mostly
qualitative features and historic developments, and need-
less to say strong personal bias. I discuss only the what
I consider most essential and generic aspects of the min-
imal Left-Right symmetric theory and the references are
rather incomplete. The physics discussed here has been
recently reviewed in more depth in [1] where one can also
find a more complete set of references.
II. GENERAL VIEW
It is clear from the Prologue that the LR symmetric
theory [2–5] is rather old, so why talk about it today?
The answer is twofold. First, finally the LHC has a po-
tential of observing it which makes it more timely than
ever. Second, there have been two fundamental develop-
ments in recent years that make the theory self-contained
and predictive: (i) the testable Higgs origin of neutrino
mass [6], in complete analogy with the Standard Model
case of charged fermions (ii) the analytic expression for
the right-handed quark mixing matrix [7], a challenge
that lasted some forty years. Moreover, there has been
a furry of activity devoted to the LHC potential and the
low energy processes such as neutrinoless double beta de-
cay, lepton flavor violation and such.
I give the main results at the outset in order to ease
the pain for the casual reader and to motivate her to keep
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2reading on.
(i) In the SM the Higgs boson decay rates are com-
pletely determined by the masses of particles in ques-
tion. This is crux of the Higgs mechanism, completed by
Weinberg [8] and GIM [9]. In particular, the one-to-one
correspondence between masses and Yukawa couplings of
charged fermions allows one to predict the Higgs boson
decays into fermion anti-fermion pairs
Γ(h→ ff¯) ∝ mh
m2f
M2W
. (1)
This is what it means to understand the origin of particle
masses. One can worry why the masses are what they
are, but this question, if it is ever to be answered, comes
after one establishes their Higgs-Weinberg origin.
It is in this sense that the LR symmetric model is the
theory of neutrino mass, as will be discussed in section
VI. In direct analogy with (1) one can predict [6] the
Higgs decay into light and heavy neutrinos, or better,
the decay of heavy right-handed neutrino N (when it is
heavier than the Higgs) into the Higgs and light neutrino.
As an illustration, I give here the relevant expression [10]
for a simplified case described in the section VI
Γ(Ni → hνj) ∝ δij mνi
m2Ni
M2W
. (2)
This would be hard to observe, needles to say; however,
there is an experimentally more accessible decay channel
of right-handed neutrino N into the W boson and charged
lepton [6, 10]
Γ(Ni →W`j) ∝ V 2ijmνi
m2Ni
M2W
. (3)
where V is the PMNS leptonic mixing matrix.
In the general case the above expressions look some-
what more complicated, but all the essential features are
caught here. One has a complete analogy with the Stan-
dard Model situation regarding the charged fermions,
only now one has to know the (Majorana) masses and
mixings of left and right handed neutrinos separately.
More about it in the section VI.
(ii) The right-handed quark mixing matrix VR has a
simple approximate form [7] as a function of the usual
left-handed CKM matrix VL
(VR)ij ' (VL)ij − i (VL)ik(V
†
LmuVL)kj
mdk +mdj
+O(2) (4)
where  is a small unknown expansion parameter. It can
be shown that the left and right mixing angles are almost
the same, and right-handed phases depend only on VL
and . A determined reader should go to the section VII
for more details and for some immediate consequences of
(4) regarding the right-handed mixing angles and phases.
The rest of this short review is organised as follows.
I first discuss the salient features of the theory in the
next section, and then try to give a historical develop-
ment that took one to the seesaw based version of the
model. Thus, in the section IV I go through the original
version of theory that had Dirac neutrinos and struggled
explaining why their masses were so small. The section
V is devoted to the modern version of the theory based
on the seesaw mechanism with naturally light Majorana
neutrinos. Next, I go over the issues (i) and (ii) above in
the sections VI and VII, respectively, before offering an
outlook for the future. I end with an epilogue, in order to
make the presentation not only LR but also top-bottom
symmetric.
III. GENERIC FEATURES
The minimal LR symmetric theory is based on the
SU(2)L × SU(2)R × U(1)B−L gauge group, augmented
by the symmetry between the left and right sectors [2–5].
Quarks and leptons are then completely LR symmetric
qL,R =
(
u
d
)
L,R
, `L,R =
(
ν
e
)
L,R
. (5)
Clearly, the LR symmetry says that if there is a LH
neutrino, there must be the RH one too and neutrino
cannot remain massless. A desire to cure the left-right
asymmetry of weak interactions lead automatically to
neutrino mass.
The formula for the electromagnetic charge be-
comes [11]
Qem = I3L + I3R +
B − L
2
. (6)
which trades the hard to recall hyper-charge of the SM
for B −L, the physical anomaly-free global symmetry of
the SM, now gauged. Both LR symmetry and the gauged
B − L require the presence of RH neutrinos.
LR symmetries. It is easy to verify that the only
realistic discrete LR symmetries, preserving the kinetic
terms, are P and C, the generalised parity and charge-
conjugation respectively, supplemented by the exchange
of the left and right SU(2) gauge groups (for a recent
discussion and references, see [12]).
Higgs sector. The analog of the SM Higgs doublet is
now a bi-doublet [3–5]
Φ =
[
φ01 φ
+
2
φ−1 −φ0∗2
]
(7)
in order to provide masses for charged fermions. This
amounts to two SU(2)L doublets, but one of them ends
up being very heavy and effectively decouples from low
energies [5]. In analogy with their charged partners neu-
trinos get Dirac mass.
3IV. CLASSIC ERA
So far so good. But what fields should be used for the
large scale of symmetry breaking?
In the original version [3–5] one opted for B − L = 1
LH and RH doublets, i.e. the doublets under SU(2)L and
SU(2)R groups respectively. It seemed a logical choice, a
LR extension of the SM Higgs doublet. Looking back, it
is hard to understand why for some years no alternative
was studied, since there was nothing special about this
choice. After all, we had already used the SU(2)L dou-
blets, in a form of a bi-doublet, in order to give masses
to charged fermions. The large scale Higgs sector deter-
mines the ratio of new gauge boson masses, WR and ZR
but why in the world should it mimic the SM situation
with W and Z? It is both instructive and amusing how
one gets sidetracked and confused at the beginnings.
In any case, one sat down to show that parity could be
broken spontaneously [4, 5]. The symmetry of the poten-
tial tells you immediately that there are only two possi-
bilities: (i) same vevs for LH and RH doublets, unaccept-
able; (ii) one of the two vevs vanishing, as required by
experiment. It was easy to show that there was the stable
minimum with only the RH doublet vev, and the task of
breaking the theory down to the SM was achieved [4, 5].
The main prediction of the model was a massive neu-
trino, a Dirac fermion just like the electron. So why in
the world was it so light?
V. MODERN ERA
So, the theory was prophetic in predicting neutrino
mass so early, years before experiment, but it seemed
to fail to account for its smallness [13]. It turned out
that the problem was not LR symmetric gauge group,
but simply the choice of the heavy Higgs sector. This let
to the with a version of the theory based on the seesaw
mechanism [14–16].
The main point was to chose the right Higgs in or-
der to make RH neutrino a heavy Majorana lepton, so
that it could mix with the LH one and give it in turn
a tiny mass. All that it required was to substitute dou-
blets by the appropriate triplets. In this way, the theory
led naturally to a Majorana neutrino and lepton num-
ber violation (LNV). In our paper [15], Mohapatra and I
emphasised this, and argued that the resulting LNV pro-
cess, the neutrinoless double decay [17], could be easily
generated by new RH sector, and not by small Majorana
neutrino mass. Yet, it is often claimed to this day that
this process is a direct probe of neutrino Majorana mass;
this is simply wrong. Btw, the idea of new physics being
possibly behind the neutrinoless double beta decay dates
back all the way to the late fifties [18].
Some years later Wai-Yee Keung [19] and I made a case
for an analog high-energy Lepton Number Violating pro-
cess, the production and the subsequent decay of the RH
neutrino. We realised that due to its Majorana nature,
the RH neutrino, once produced on-shell would decay
equally into a charged lepton and anti-lepton. This allows
to test and measure directly its Majorana nature, not just
indirectly through low energy effective processes. Also,
besides the usual LNV conserving final state, one would
have direct LNV in the form of the same sign charged
di-leptons and (two) jets. This turns out to be a generic
property of any theory that leads to Majorana neutrino
and has become over the years the paradigm for LNV at
hadronic colliders, and today both CMS and ATLAS are
looking into it.
What follows is a brief, almost telegraphic review of
this subject. A reader that wishes to dig deeper can
consult more detailed recent overviews in [10, 20] or a
classic book on the subject [21], especially regarding the
neutrino stuff.
In summary, the modern day version of the theory is
based on the seesaw mechanism. The Higgs sector con-
sists of the following multiplets [14, 15]: the bi-doublet
Φ of (7) and the SU(2)L,R triplets ∆L,R
∆L,R =
[
∆+/
√
2 ∆++
∆0 −∆+/√2
]
L,R
(8)
The first stage of symmetry breaking down to the SM
symmetry takes the following form [4, 5, 15]
〈∆0L〉 = 0, 〈∆0R〉 = vR (9)
with vR giving masses to the heavy charged and neutral
gauge bosons WR, ZR, right-handed neutrinos and all the
scalars except for the usual Higgs doublet (the light dou-
blet in the bi-doublet Φ). Next, the neutral components
of Φ develop vevs and break the SM symmetry down to
U(1)em
〈Φ〉 = v diag(cosβ,− sinβe−ia) (10)
where v is real and positive and β < pi/4, 0 < a < 2pi.
In turn, ∆L develops a tiny induced vev 〈∆L〉 ∝
v2/vR [22] which contributes directly to neutrino mass.
Its smallness is naturally controlled by a small quartic
coupling, sensitive only to the seesaw contribution [22].
I should stress that there is confusion to this day re-
garding the issue of naturalness of small vL, and it is
even argued that parity ought to be broken at the high
scale (with a gauge singlet) in order to make ∆L heavy
enough, and effectively decouple it from the physics of
the LR theory. However, large scales only add a hierarchy
problem and thus make things worse. A small, protected
coupling is definitely more natural than a large ratio of
mass scales. Moreover, breaking parity through a singlet
vev is physically equivalent to the soft breaking, and is a
step backward towards the original formulation when it
was claimed that parity had to be broken softly.
The soft breaking (or the large scale spontaneous
breaking) alleviates the infamous domain wall prob-
lem [23] of spontaneously broken discrete symmetries,
but this may not be such a problem after all. It turns
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FIG. 1. The KS production process of lepton number violat-
ing same sign di-leptons through the production and subse-
quent decay of N .
out that even tiny symmetry breaking gravitational ef-
fects suppressed by the Planck scale suffice to destabilise
the domain walls [24]. Also, symmetry non-restoration
at high temperature [25] may offer an alternative way
out [26].
This said, the breaking of LR symmetry, but only when
it is generalised charge conjugation C, can happen natu-
rally in grand unified theories [27]. However, in minimal
predictive grand unified theories such as SO(10), MR
ends up being enormous, on the order of 1010 GeV [28].
Before we move on, a comment is called for. By the
early eighties the LR theory was fully developed, and yet
most of us stopped working on it until the LHC came
along. The reason is that it became clear already in 1981
that the LR scale had to be large, on the order of few
TeV, from the KL −KS mass difference [29]. Huge, but
not out of the LHC reach of about 5 − 6 TeV [30, 31].
Actually, LHC has already caught up with the theoretical
limit for a large portion of the parameter space of the RH
neutrino masses [32].
VI. LRSM IS A THEORY OF NEUTRINO MASS
Let us see more carefully what happens with neutrino
mass in this theory, and how we could probe directly its
origin.
The simple thing to realise is that now we need to mea-
sure both LH and RH neutrino masses and mixings. We
are slowly but surely doing the job for the light neutri-
nos and it is only a matter of time to complete it. In
the case of RH neutrinos, we need to produce them at
colliders, and LHC is the custom-fit machine for this,
with spectacular manifestation of the LNV in the form
of same sign charged di-lepton pairs accompanied by two
jets [19], shown in the Fig. 1.
This process allows for the possibility of establishing
directly the Majorana nature of N since then both same
and opposite sign charged leptons decay products occur
with the same probability. It should be stressed that this
has become the paradigm for LNV at the hadronic col-
liders, and it occurs in basically any theory that leads
to Majorana neutrinos. Moreover, there is a deep con-
nection between lepton number violation at LHC and in
neutrinoless double decay [33].
In the LR model the dominant LNV effect is through
the on-shell production of WR; it could also occur
through the small ν − N mixing and the usual W ex-
change, but that requires huge MD [35]. In this manner,
the smallness of neutrino mass would be a complete ac-
cident, nothing to do with the seesaw.
In the limit of small vL, chosen only for the sake of
illustration, the Majorana neutrino mass matrix is given
by the usual seesaw expression
Mν = −MTD
1
MN
MD, (11)
where MD is the neutrino Dirac mass matrix, while
MN ∝ MWR is the symmetric Majorana mass matrix
right-handed neutrinos. The smallness of neutrino mass
is the consequence of near maximality of parity violation
in beta decay, and in the infinite limit for the WR mass
one recovers massless neutrinos of the SM.
The case of C as the LR symmetry is rather illus-
trative, since it implies symmetric Dirac mass matrix
MD = M
T
D , which eliminates the arbitrary complex or-
thogonal matrix O that obscures [34] the usual seesaw
mechanism of the SM with N . This provides the funda-
mental difference between the naive seesaw and the LR
symmetric theory, since in LR Dirac mass matrix MD
can be obtained [6] directly from (11)
MD = iMN
√
M−1N Mν , (12)
and thereby one can determine the mixing between light
and heavy neutrinos.
I cannot overstress the importance of this result. One
often invokes discrete symmetries in order to obtain in-
formation on Dirac Yukawa couplings, but this is com-
pletely unnecessary since the theory itself predicts it, just
as the knowledge of charged fermion masses predicts the
corresponding Yukawas in the SM. The LR model is a
self-contained predictive theory of neutrino mass, as title
of this sections says.
The crucial thing is that N , besides decaying through
virtual WR as discussed above, decays also into the left-
handed charged lepton through MD/MN [35, 36]. In a
physically interesting case when N is heavier than WL,
the decay into left-handed leptons proceeds through the
on-shell production of WL. For the sake of illustration
we choose an example of VR = V
∗
L , which leads to the
expression for the N → W` decay given in (3) of the
Introduction. That is the analog of (1) which probes
the Higgs origin of charged fermion masses; while in the
SM it suffices to know mf , in the case of neutrinos one
needs to know both light and heavy masses and mixings.
For this reason the N → W` decay is physically more
relevant. We saw from (3) that the corresponding decay
width is very small, so it could appear hopeless to be
5observed. The main decay of N proceeds through the
WR channel for the LHC relevant mass scale and it is
quite slow too. Thus the branching ratio for N → W`
decay is not necessarily negligible; one finds for the ratio
of N decays in the WL and WR channels [6]
ΓN→`Ljj
ΓN→`Rjj
' 103 M
4
WR
mν
M2WLm
3
N
, (13)
which is maximally about a per-mil for WR accessible at
the LHC.
The situation in the case of P is more subtle and less
illuminating. Suffice it to say that the end result is basi-
cally the same and once again Dirac Yukawas get deter-
mined as the function of light and heavy neutrino mass
matrices.
VII. LRSM IS A THEORY OF RH QUARK
MIXING ANGLES
In the perfectly LR symmetric world, the LH and RH
mixing matrices would be the same, but we live in a
badly broken symmetry world. Does this mean that the
RH quark mixing matrix VR is not predicted at all? The
answer, surprisingly, is negative: the RH quark mixing
angles are predicted by the theory, and when LR symme-
try is generalised parity the RH phases get determined
too.
The case of generalised charge conjugation is easier to
discuss, albeit less exciting. The Yukawa matrices are
symmetric, and thus are also quark mass matrices. In
turn, this implies same LH and RH mixing angles, with
new arbitrary phases in the VR matrix. End of story.
The case of parity is more interesting and has a long
history. Yukawa matrices are hermitean, but the complex
vev of (10) destroys the hermiticity of the quark mass
matrices. However, spontaneous breaking is soft and to
some degree keeps the memory of the original symmetric
world. One could easily imagine that VR may be related
to VL, but the actual analytical computation was a great
challenge for some forty years. Numerical calculations
indicated that the LH and RH mixing angles were sim-
ilar, but the first serious attempt to compute VR was
made only some ten years ago [37], in a limited portion
of parameter space and not as clearly as one would have
hoped for direct application. The task was finally com-
pleted two years ago, when the analytic form valid in
the entire parameter space was finally obtained [7] The
leading form is given by simple (4), used in Introduction
to anticipate the discussion. For a complete form and
extensive discussion see [7] where the leading terms are
derived for the differences between mixing angles
θ12R − θ12L ' −sat2β
mt
ms
s23s13sδ (14)
θ23R − θ23L ' −sat2β
mt
mb
ms
mb
s12s13sδ (15)
θ13R − θ13L ' −sat2β
mt
mb
ms
mb
s12s23sδ (16)
and similarly for the KM phases
δR − δL ' sat2βmc +mts
2
23
ms
(17)
where, for simplicity, we defined sij = sin θ
L
ij and sδ =
sin δL and a and β are defined in (10). It should be
kept in mind that the phase difference δR − δL is always
accompanied with the factor sin θ13L .
The LH and RH mixing angles are almost exactly the
same. A surprising result in view of the fact that par-
ity is maximally broken at low energies? Well, partially.
The breaking of parity is spontaneous, so the memory
of it remains to some degree. Still this by itself is not
sufficient and the above result is to a large degree due
to the smallness of the LH mixing angles. We know that
nature conspires to make the SM work so well, CKM
mixings must be small, and the same works nicely for
the LR model, preserving the LR symmetry between the
mixings.
Another important result: the new RH phases de-
pend [7] on a single parameter sat2β which measures the
departure from the hermiticity of quark mass matrices.
VIII. SUMMARY AND OUTLOOK
Today, some forty years after its construction, the LR
symmetric theory is as sound as ever and finally with
a potential of being experimentally probed. The the-
oretical limits from the early eighties told us to wait
for the LHC in order to start testing it and finally this
possibility has arrived. The smoking gun signature of
the theory is the production of the RH charged gauge
boson and its subsequent decay into RH neutrinos and
charged leptons. The Majorana nature of RH neutrinos
then predicts equal amount of same and opposite sign
di-leptons [19]. On top of direct lepton number violation
at hadronic colliders such as the LHC one has a unique
opportunity to verify the Majorana property of RH neu-
trinos. In turns out that, through the predicted neutrino
Dirac mass matrix [6], one has a possibility of probing
the seesaw mechanism in the context of the LR theory,
as opposed to the situation in the SM augmented with
the seesaw.
This may sound nice but the reader must be asking
herself as to why in the world should the LR scale be
accessible to present day accelerators? After all, it be
easily close to the GUT scale and yet give observable
neutrino mass. I have no way of defending the tempting
6desire to see the restoration of parity in a foreseeable
future. There is however a possible phenomenological
motivation to pursue this: the neutrinoless double beta
decay. If it were to be observed and neutrino mass not
sufficient to account for it, new physics would be a must.
It is easy to see that this would require the scale of new
physics not to be much above 10 TeV or so. With the
LHC reach close to that, it is imperative to be ready for
such a possibility and study the consequences described
here. I should add that there are a number of other
phenomenological possibilities, both in gauge and scalar
sectors, including lepton number violation leaking into
the SM Higgs decays [38].
Left-Right symmetry however may choose to reveal it-
self at the future collider (for a recent discussion see [39]).
The heavy Higgs doublet whose couplings violate flavor
must lie above 20 TeV or so [40, 41] which implies that the
corresponding coupling is not far from its perturbativity
limit [42]. Once the WR mass is raised above 10 TeV, the
situation improves and around 20 TeV, the theory is per-
fectly perturbative with the large strong coupling cut-off
scale. And in the case of LR symmetry being parity, this
would ensure that the strong CP parameter is naturally
small [43].
The new generation of hadronic colliders would have
a serious chance of observing LR symmetry if we were
to see the neutrinoless double beta decay and know that
it is due to new physics (for a roadmap, see [44]). One
could probe both WR and N masses [19], the RH lep-
tonic mixing angles [45, 46], measure the chirality of N
couplings, establish their RH nature [30, 47] and study
in detail their Majorana character [48]. We could truly
probe the nature and the origin of neutrino mass [6] just
as we are doing now for charged fermions.
IX. EPILOGUE
I started this short review with a personal account of
the seventies when the budding LR theory was emerging
as one of the leading candidates for BSM physics. Years
passed. In the eighties I often lectured at the Trieste
summer schools where I got to know Salam well and fell
in love with the ICTP and its mission. Some years later I
went there to build the phenomenology group, then non-
existent. Today, more than a quarter of a century later I
look back with pride and joy at having had a role in his-
tory in the making. Having had a great number of collab-
orators and Diploma and PhD students from developing
countries, I wish to express my happiness and gratitude
to have been involved so deeply with this tremendous
project.
From where I stand today, Salam died quite young,
only four years older than I am now. Losing Salam was
very hard on our High Energy group and all of ICTP. For
this reason, I am happy to add my voice to the tribute
of a great physicist who left us all too soon.
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